In the present study, we investigated the biology of Dyopedos bispinis, a mast-building amphipod that is abundant near the N. Pertsov White Sea Biological Station. To examine the peculiarities of mast building in Dyopedos bispinis, we studied the social structure of individuals inhabiting the masts and identified the preferred substrata through underwater photography and direct observations, characterized the internal and external structures of the masts, and studied the ultrastructure of pereopodal silk glands using scanning and transmission electron microscopy (SEM and TEM, respectively). The most frequent substrata for mast building are other fouling organisms, including hydroids, bryozoans, ascidians and sponges. As in other corophiids, each Dyopedos bispinis mast represents the territory of one female and, occasionally, one male, but unique collective masts occupied by three or more (up to 23) adults were also observed. Masts comprise one or 2-4 central cylinders and a laminated cortex that contains detritus and amphipod silk layers. The pereopodal glandular complex of Dyopedos bispinis is composed of two distinct gland groups, proximal and distal, in each pereopod 3-4, and ducts in the glandular complex lead into a common chamber in the dactylus. The proximal glands are multicellular; their secretory cells are uninuclear, unlike in certain other amphipods; and the cell membrane is deeply invaginated. The invaginations are filled with extensions of the cytoplasm of lining cells, but the origin of the lining is unclear. Axon terminals were observed adjacent to the secretory cells, and it is assumed that these axons regulate amphipod silk glands. The proximal silk glands of Dyopedos bispinis have similarities with the lobed and rosette glands of isopods, but they have strongly elongated forms. We refer to these glands as pseudotubular glands. Such glands are rarely observed in Crustacea and have only been described in silk-producing pereopodal systems of marine Peracarida and in the antenna of terrestrial Malacostraca.
Introduction
Many amphipods are able to construct dwellings and make various burrows, tubes and masts (Atkinson and Eastman, 2015; Moore and Eastman, 2015) . Masts, which are also known as whips and rods, are thin, flexible vertical structures that are attached to the substrate at one end, and they improve filter-feeding efficiency by elevating the amphipod above the seabed to heights more than 10 times their body length (Mattson and Cedhagen, 1989) . It has also been suggested that mast building provides protection from predation (Mattson and Cedhagen, 1989, Thiel, 1999) . Furthermore, amphipods exhibit complex territorial behaviour and obligate extended parental care, which is unusual for most tube-building amphipods (Mattson and Cedhagen, 1989; Thiel, 1997 Thiel, , 1998a Thiel, , 1998b Thiel, , 1999 . Additionally, masts can be used by amphipods to cultivate diatoms (McCloskey, 1970) .
Amphipods build masts on different substrates in various biotopes. Dulichia rhabdoplastis, McCloskey, 1970 build masts on the spines of sea urchins; Dyopedos monacantha (Metzger, 1875) prefer soft bottoms; whereas Dyopedos porrectus Bate, 1857 typically live on hard bottoms and associate with hydroids (McCloskey, 1970; Moore and Earll, 1985; Mattson and Cedhagen, 1989; Thiel, 1998b) . In certain biotopes, mastbuilding amphipods are abundant; the density of Dyopedos monacantha reaches more than 3000 individuals per square metre (Thiel, 1998b) while that of Dyopedos bispinis masts in the White Sea can exceed 2000 per square metre (Zhadan et al., 2007) . However, little is known regarding the influence of mast-building on benthic communities.
The social structures of masts were studied in Dyopedos monacantha in aquaria and under natural conditions (Mattson and Cedhagen, 1989; Thiel, 1997 Thiel, , 1998a Thiel, , 1998b Thiel, , 1999 . Each mast belongs to a juvenile amphipod or one adult female and is the territory of that individual. Juveniles remain on their mother's mast, and members of two consecutive clutches can be present, but it is unknown whether they participate in mast building. Adult males do not build their own masts but participate in the maintenance of the masts of females. While the social structure of other mast-building amphipods has rarely been studied (McCloskey, 1970; Moore and Earll, 1985; Mattson and Cedhagen, 1989) , it can differ from that of Dyopedos monacantha; for example, adult male Dyopedos porrectus build their own masts.
In contrast, with epibenthic amphipod tubes, which are relatively short, i.e., rarely greater than 3-4 amphipod body lengths (Shillaker and Moore, 1978; Dixon and Moore, 1997) , masts are large-scale structures. Masts built by the amphipod Dyopedos bispinis Gurjanova, 1930 in the White Sea can reach 10 and occasionally even 20 cm, 20 and 40 times longer than the length of an adult female, respectively (our unpublished data). Mattson and Cedhagen (1989) observed mast building in Dyopedos monacantha and Dyopedos porrectus in aquariums and found that amphipods fasten detritus together using mucus threads produced by the gnathopods and mouthparts, and the detritus is subsequently covered with silk threads from the pereopods. Detritus collection methods (from the water column and from the bottom) vary in different species and in different conditions (Mattson and Cedhagen, 1989) . Scanning electron microscopy (SEM) was used to characterize the silk network on the surface of the Dyopedos porrectus mast (Moore and Earll, 1985) , but the internal structure of masts has not been studied in detail. Therefore, the proportions of mouthpart secretion, pereopodal secretion and detritus in the mast remain unclear.
To build masts and tubes, amphipods use special secretions that are typically called "amphipod silk" (Smith, 1874; Goodhart, 1939; Dixon and Moore, 1997; Cerda et al., 2010 , Kronenberger et al., 2012a . In some cases, this secretion is a mucus cement (Goodhart, 1939) , but in most amphipod species, it is produced in the form of threads (Skutch, 1926; Shillaker and Moore, 1978; Moore and Earll, 1985; Barnard et al., 1988; Mattson and Cedhagen, 1989; Cerda et al., 2010; Zorn et al., 2010; Kronenberger et al., 2012a) . Generally, silks are defined as protein polymers produced and spun into fibres by various arthropods (Altman et al., 2003; Sutherland et al., 2010) . Insect and spider silks are well known and are currently subject to intense biochemical studies (Kovoor, 1987; Foelix, 2010; Sutherland et al., 2010; Kundu et al., 2014) . Certain crustaceans (belonging to Amphipoda, Tanaidacea, Ostracoda and Decapoda) also produce silk-like materials (Wouters and De Grave, 1992; Dworschak, 1998; Kronenberger et al., 2012a; Kakui and Hiruta, 2014) , but their chemical structure and the morphology of the silk glands are poorly known. Currently, only one crustacean silk from the amphipod Crassicorophium bonellii (Milne Edwards, 1830) has been chemically investigated (Kronenberger et al. 2012a) .
Amphipod silk is secreted from a special large glandular complex located in pereopods 3-4, and the presence of such complexes has been described in most corophiid families and in the family Ampeliscidae (Myers and Lowry, 2003; Cadien, 2015) . Nebeski (1880) described the structure of the glandular complex in pereopods 3-4 of Jassa falcata (Montagu, 1808) and certain other tube-building corophiid species. The findings showed that each pereopod contains two gland groups (proximal and distal) that stain differently as well as a common reservoir and a single opening in the dactylus tip. The glands, which belong to the proximal group, have an elongated form and are multicellular, comprising secretory cells that lie along ducts. The ductules from each secretory cell communicate with these ducts individually and in sequence. The glands of another distal group can be unicellular or similar to the proximal glands. Kronenberger et al. (2012b) inves-tigated silk glands in Crassicorophium bonellii and Lembos websteri Bate, 1857 and found that the proximal gland group presents rosette glands, while the distal group presents lobed glands. Thus, the structure of amphipod silk glands varies in different species but has never been studied in mast-building amphipods.
The vast majority of builder amphipods construct tubes and burrows, whereas mast building has only been described in four species of the corophiid family Dulichiidae and has not been observed in other crustaceans (McCloskey, 1970; Moore and Earll, 1985; Mattson and Cedhagen, 1989; Zhadan et al., 2007; Moore and Eastman, 2015) . Dyopedos bispinis is a polar amphipod that has been detected in several arctic seas, both Eurasian and American, and in the eastern Pacific (Laubitz, 1977) . Abundant Dyopedos bispinis masts were recently detected in the Velikaya Salma Strait (White Sea) (Zhadan et al, 2007) , but nothing is known regarding the biology and mast-building activity of this species.
Materials and Methods

Identifying the social structure on masts
To examine the territorial behaviour and social structure of Dyopedos bispinis on masts, 285 photos were obtained in July 2012 in various biotopes in the White Sea (Kandalaksha Gulf, . Before the photographs were taken, a ruler with 1-mm divisions was placed on the bottom. From the photographs, the numbers of adult males, females and juveniles were counted on each inhabited mast that was in focus (790 masts), and the proportions of masts with one, two, or more than two adult amphipods were calculated. Adult amphipods were distinguished by their length (approximately 5 mm), specific body form (slender body and curved back) and brighter coloration, and adult males were identified by their strongly enlarged second gnathopods. In the cases when the maturity of the amphipods could not be accurately determined, the masts were not included in the analysis.
Over 10 dives, all masts with 3 and more adult residents were collected; the masts were plucked with forceps near the mast base and carefully placed in individual tubes that were immediately closed. In the lab, the specimens were fixed in 96% ethanol, and the amphipods on each mast were counted as described above. Collected such method adult females were distinguished by the presence of oostegites and often by the presence of eggs in the marsupium, males were identified by enlarged second gnathopods. A total of five masts were collected.
Identifying the mast substrata
To identify the substrata of Dyopedos bispinis masts, underwater observations were performed during 10 dives, and the numbers of masts attached to different types of substrata were counted inside a 0.2-m×0.2-m square frame. For a more detailed assessment, all masts inside 2 survey frames were collected in jars using forceps and a trowel and examined by binocular microscopy. Subsequently, the proportions of masts associated with each substratum were defined, and the substratum was defined for approximately 350 whips. When in focus (210 masts), the substrata were also identified from photos (see above).
Morphology of silk glands and masts
Specimen collection and fixation
Material was collected from the White Sea (Kandalaksha Gulf, Velikaya Salma Strait 66.55-66.56°N, 33.09-33.12°E, depth 8-15 m) in July 2012 by SCUBA diving. Masts with amphipods were plucked using forceps and carefully placed in glass jars, and pereopods 3-4 were detached from the amphipod body and fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate and then post-fixed in osmium tetroxide (OsO 4 ). Before or after the first glutaraldehyde fixation, an incision was made on the pereopods, and they were dissected into 2-3 fragments using a razor blade (after Kronenberger et al., 2012a,b) for better penetration. The samples were then dehydrated in an ethanol series and embedded in epoxy resin (Epon 812). For transmission electron microscopy (TEM), the masts were fixed as above, and for light microscopy and SEM, they were fixed in 10% formalin in seawater (4% formaldehyde).
Light microscopy
Serial semi-thin sections (0.9 mm) of masts and pereopod fragments were cut using DuPont MT 5000 and LKB-III microtomes followed by staining with a mixture of methylene blue and toluidine blue. The pereopod sections were examined using a Carl Zeiss Axioplan 2 imaging light microscope, and the masts sections were examined using a Leica DM 2500 microscope. Digital images were captured using an AxioCam HRm camera for pereopods and a Leica DFC Fig. 1 . Internal structure of a Dyopedos bispinis mast. A -drawing of a Dyopedos bispinis mast. B1, C1 and D1 -scanning electron microscopy (SEM) micrographs of mast cross sections at different levels; B2, C2 and D2 -their schematic representations. E and F -SEM micrographs of masts with damaged cortexes, showing that the cortex always comprises amphipod silk layers and, sometimes, detritus layers. Abbreviations: ASL, ASL-1, and ASL-2 -silk layers of the laminated cortex; C -central cylinder of the mast; C-1 m -the main cylinder; C-2, C-3, C-4 -additional cylinders; DL-1 -detritus layer of the laminated cortex; f -Dyopedos bispinis female; mDyopedos bispinis male; P -laminated cortex of the mast; P-1 -laminated cortex of the main cylinder; P-2 -laminated cortex of an additional cylinder; P-c -laminated cortex covering all cylinders. 290 camera for masts. Serial images were aligned using Amira 5.3.2. Altogether, 4 pereopod and 2 mast fragments were dissected.
The lengths and widths of the collected masts were measured using a ruler and micrometre eyepiece scale; a total of 146 masts were analysed.
Transmission electron microscopy
Ultra-thin sections were cut using a Leica Ultramicrotome, collected on formvar-covered single slot copper grids, stained with uranyl acetate and lead citrate, and examined with a JEOL JEM-1011 electron microscope.
Scanning electron microscopy
The fragments of 4 masts were dehydrated in an ethanol-acetone series, critical point dried with CO 2 in a Hitachi HCP-2, mounted on aluminium stubs, and sputter-coated with an Au-Pd mixture using an Eiko IB-3 ion coater. To examine the internal structure, thick mast sections (0.5-2 mm) were cut using razor blades prior to dehydration, and for one mast (approximate length of 70 mm), serial sections were generated (each 5-15 mm). The specimens were examined using a Cam Scan S-2 scanning electron microscope.
Results
Social structure of Dyopedos bispinis on the masts
Among 1057 masts identified in underwater photos, 757 structures were inhabited (72%) and sorted into the following groups (Table 1) : (1) masts occupied by one or several juveniles (195 masts, 26% inhabited); (2) masts occupied by a single adult (or subadult) female, often with several juveniles (402 masts, 53%); (3) masts occupied by 1 adult or subadult male, rarely with juveniles (30 masts, 4%); (4) masts occupied by two adults (female and male), often with juveniles (125 masts, 17%); (5) masts occupied by three adults (5 masts, less than 1%), typically two females and one male.
During dives, masts occupied by three or more (up to 23) adults were also observed (Table 2) , and in one case, all 15 females inhabiting one mast were ovigerous. Such masts were rarely observed, but they were unusually long, measuring approximately 15-20 cm, and were easily detected. Ordinary masts are typically not more than 10-12 cm in length.
Substrata for mast building and formation of the basal section
Dyopedos bispinis masts can be attached to solid substrata (stones, shells of dead or living molluscs and brachiopods) or to other fouling organisms including hydroids, bryozoans, ascidians and sponges; masts rarely occur on soft ground (sand and mud). Examination of the collected masts showed that the most frequent substrata are other organisms, particularly hydroids (Gonothyraea loveni (Allman, 1859) On solid substrates, the bases of the masts are disklike or weakly thickened, but on bush-like hydroid and bryozoan colonies, the masts are attached to the tips of branches ( Fig. 2A-C) . These masts typically coat a section of the colonies heading downward (H+M), often reaching the base, so that they appear to have been built directly on the solid substrate, without the hydroid or bryozoan.
When more than one mast attaches to a hydroid colony, a ramified mast occasionally results (arrows, Fig.  2A, D) . Large masts typically have several supports; i.e., they are composed of several independent hydroid or bryozoan branches combined or even several smaller masts (m, m1, m2, m3) that are attached to different individual branches ( Fig. 2A, B) .
Some hydroids coated with mast remain alive, and their hydranths are free of masts and have tentacles ( Fig. 2A, C) . Other branches are completely immured (3, Fig. 2A ).
Structure of masts
Mast forms
Dyopedos bispinis structures are representative of the masts of typical dulichiids (Fig. 1A) ; they are usually 2-6 cm long and rarely reach 16-20 cm. Except for the smallest, masts have variable diameters but reach a maximum at the base and a minimum nearer the tip. The diameter in the middle of the masts varies between 0.02 (smallest) and 0.1 cm.
Internal mast structure
Masts comprise a relatively homogeneous central cylinder (C, diameter 70-460 µm) and a laminated cortex Abbreviations: 1 -free hydroid branch; 2 -partially immured hydroid branch continuing as a single-supporting mast; 3 -completely immured hydroid branch continuing as a multi-supporting mast; arrows -branching sites of masts; arrowhead -filamentous algae included in mast cortex; fh -free hydranth; H -free section of hydroid branch; ih -partially immured hydranth; m, m1, m2 and m3 -basal masts forming multi-supporting mast; M -mast itself; H+M -basal section of mast built around a hydroid branch; bry -bryozoan branches.
(P, from 440 µm to 20 µm thick and thinner), but the boundary between these structures is occasionally fuzzy (Fig. 1A-D and Fig. 3A ). The size of the cortex varies greatly and might account for approximately 0 to 70% of the mast diameter. Along the mast length, the diameter of the cylinder varies only slightly (190-270 µm) , but the cortex gradually thins toward the tip of the mast (Fig. 1A-D) .
The lower portion of the mast often contains several central cylinders (several smaller masts, C1-C4, Fig. 1A , D), and one cylinder is typically thicker than the others (C-1 m). Each cylinder is coated with its own cortex (P-1, P-2), but together they share one common coat (P-c).
The central cylinder of the mast is composed of closely packed detritus; we did not detect any cementing mucus. The cortex of the masts contains amphipod silk (as) and detritus. A thin cortex (up to 20 µm) might be almost entirely composed of silk ( Fig. 1A-B, Fig.,  4A) , but when the cortex is even slightly thicker, the proportion of detritus is much larger than that of silk Fig. 3 . Internal structure of a Dyopedos bispinis mast including diatoms and multicellular algae. А -drawing of a semi-thin mast crosssection; B -enlarged detail of A, LM micrograph; C and D -LM micrographs of semi-thin sections illustrating algae included in the central mast cylinder; E and F -SEM micrographs of mast surface showing the diatom Thalassionema nitzschioides; G -SEM micrograph of the inside of the mast laminated cortex showing the presence of numerous pelagic and benthic diatoms. Arrowheads -mucous pads connecting T. nitzschioides cells; as -silk threads; bda -likely benthic diatoms; C -central cylinder of the mast; da -diatoms; ma -multicellular algae; P -laminated cortex of the mast; pda -likely pelagic diatoms; Tn -diatom Thalassionema nitzschioides.
( Fig. 1A , C, F). The detritus is represented by isolated or groups of particles surrounded by silk ( Fig. 3A-B ) or detritus layers (DL) alternating with silk layers (ASL, Fig. 1F ). Under mechanical impact, the cortex of the dried mast exfoliates and becomes separate layers of approximately 5 µm in thickness (Fig. 1E) .
Numerous diatoms are present within masts (da, bda, pda, Tn, Fig. 3D -E). Some are pelagic (pda, Tn), and others are large and likely benthic species (bda). Diatoms have not been observed on the mast surface outside the silk layer.
Fine mast structure
The mast surface is covered with a layer of silk threads, and the thickness of the silk layer varies ( Fig. 4A-C) . The silk threads are oriented in all directions and are sometimes almost parallel to the mast axis. Frequently, regular shifts in the parallel threads (approximately 5 µm) are observed (arrowheads, Fig. 4B-C) . Furthermore, TEM photos suggest that the silk layer contains sublayers (L1-L6) that likely differ based on their angle of orientation (various directions or perpendicular to the mast axis), thickness and density (Fig. 4E) . (B, C and D) showing that silk threads were thinner near the mast tip (arrows, A) than elsewhere (arrowheads, B and C), that threads of varying widths are sometimes presented (t1 and t2, D), that detritus can be visible through the silk layer (B) or not (C) and that regular parallel silk threads are sometimes observable (black and white arrowheads, B and C); E -transmission electron microscopy (TEM) micrograph of an ultra-thin mast cross section showing numerous amphipod silk layers (L1-L6) on the mast surface. Abbreviations: arrows -thin threads; arrowheads -regular parallel thick silk threads; С -central cylinder in mast cross-section; L1-L6 -layers of silk threads (L1 and L3 -threads, likely lying perpendicular to the mast axis; other -at an angle); P -mast cortex in cross section; t1 and t2 -threads of varying widths.
Silk threads are 0.1-0.3 µm in diameter, and threads of varying widths (t1, t2) might be observed on the same mast (Fig. 4D ). However, we did not observe threads with changing diameters in the photos. The surfaces of the analysed mast tips were covered with thinner threads (0.1 µm) (arrows, Fig. 4A ), whereas the remainder of the mast was coated with 0.3-µm threads (arrowheads, Fig. 4B -C).
Silk gland morphology
Silk gland general morphology (Fig. 5A) Silk glands have been detected in pereopods 3-4 of adult females, males and juveniles (including the youngest ones), and the secretory units (D1, D2) are situated in pereopod segments 2-5 (basis to carpus). The ducts are grouped into a single bundle (DB) leading to the dactylus (segment 7), where this bundle connect to a common chamber (Ch) opening at the dactylus tip (arrow, Fig. 5A ). The ducts are lined with epicuticle (2, Fig. 6E, G, I ), whereas the chamber has a normal cuticle comprising endo-, exo-and epiuticle.
There are two distinct gland groups in each pereopod 3 or 4: proximal (D1) and distal (D2) (Fig. 5A) . The D1 secretory granules stain more intensively with the mix of toluidine and methylene blue and are electrondense (sg, Fig. 6 , 7) compared with the D2 granules (sg, Fig. 8 ).
Each female pereopod contains approximately 70 secretory cells. Fig. 6, 7) D1 gland location Female D1 secretory units are only located in the pereopod basis (segment 2), and in males, these structures were also found in the merus (segment 4). The D1 secretory ducts lead to the dactylus (segment 7) (Fig. 5A) .
Proximal glands (D1) (
D1 gland structural plan D1 secretory units comprise approximately 60 secretory cells (SC) lying along 5-6 main ducts (MD, Fig.  5B , Fig. 6A-C) , and short (5-8 µm) lateral canals (LD) individually branch away from the main duct to each secretory cell (Fig. 6A-C, E) . Each lateral duct terminates into an intracellular globular accumulation site (as) that is 7-9 µm in diameter ( Fig. 6A-C , E) and contains numerous cavities. TEM revealed that the accumulation site is composed of ramifying ductules (d) radiating from the end of the lateral duct (Fig. 6E , G-H).
Secretory cells do not contact the haemocoel and are covered with a lining (LC) composed of a strongly flattened cellular layer (Fig. 6E, J and Fig. 7) . (D2), and their ducts falling into a common chamber in the tip of the leg; B -duct system of the D1 glands in the basis of pereopods 3 or 4, female. Abbreviations: arrow -common opening of all pereopodal glands; arrowhead -point of coalescence of two D1 main ducts; Ch -dactylar chamber; D1 -proximal glands (D1); D2 -distal glands (D2); DB -duct bundle; LD -lateral duct of D1 gland; m -pereopodal muscles; MD -main duct of D1 gland. Arabic numerals -number of pereopod segments; 2 -basis; 3 -ischium; 4 -merus; 5 -carpus; 6 -propodus; 7 -dactylus. Contributions to Zoology, 86 (2) -2017 D1 gland duct structure Ductules within the accumulation site are situated directly in the secretory cell, and the lumens are separated from the cytoplasm by a thin (approximately 0.001 µm) electron-dense layer (Fig. 6E, G-H) . It is not clear whether this layer comprises only membrane or if it also contains epicuticle; microvilli are lacking.
The main and lateral ducts are surrounded by a nonstaining sheath (duct wall, dw), which has a variable thickness of up to 3 µm (Fig. 6A-C) . TEM (Fig 6E, G , I-J) revealed that the duct wall of each D1 gland comprises two cells: "internal" and "external". The internal cell (which is really a duct cell, DC, Fig. 6E ) contacts the duct lumen and the external cell and adjoins the secretory cell near the distal end of the lateral duct. The "external cell" (lining cell, LC) completely covers the "internal cell" and contacts secretory cells and the haemocoel; it is included in the gland lining (Fig. 6E , J). The cytoplasm of the duct ("internal") and lining ("external") cell is separated by two membranes (6, Fig.  6E, I ), but the longitudinal sections of the lateral duct showed only one membrane between these structures (5, Fig. 6E, G) . Thus, the structures what we call "duct" and "lining cells" are possibly components of a single complicated cell.
Duct cells (inner part of the duct wall) comprise the next layers (Fig. 6E, I ): (1) the innermost thin electrondense (0.0015-0.003 µm) layer, which likely includes the membrane and epicuticle; (2) a grainy electrondense layer (0.1-0.3 µm), likely comprising actin filaments; (3) a wide electron-lucent layer (3-4 µm) containing microtubules, parallel to the duct axis, and occasionally with membrane structures; and (4) an outer cellular membrane. These layers are continuous and closed, and the radial connection between the inner and outer cellular membranes (mesaxon) is absent. The cell cytoplasm contains microtubules and different membrane structures (Fig. 6E, I , J).
The intracellular location of the main ducts remains in the subsequent appendage segments.
Secretory product was observed in the lumens of the intracellular ductules, lateral and main ducts (s, Fig.  6B-C, E, G-I) . In each lumen, this product is aggregated into compact bodies, and its electron density and structure are similar to those of the secretory granules in secretory cells (sg, Fig. 6D , H and Fig. 7C-D) .
D1 secretory cell structure Secretory cells (Fig. 6A-C ) vary in form and size (cell diameter of 5-35 µm) and are mononuclear. The semilunar nucleus (nu) is located near the centre of the cell, opposite the lateral duct (Fig. 6A-C) . Secretory cells contain numerous secretory granules (sg, Fig. 6B , E, H) situated densely in the area adjacent to the accumulation site (cz) and more sparsely at the periphery (pz, Fig. 6B ). Mitochondria (mt) and granular endoplasmic reticulum (er) are situated in the spaces between the granules (Fig. 6D, J and Fig. 7C ).
Secretory granules (sg, Fig. 6B , D, H, and Fig. 7C ) have permanent circular forms (approximately 0.6-1.0 µm in diameter) and stain intensely with a mix of toluidine and methylene blue. The granular material in the thin sections is electron dense and can be heterogeneous to varying degrees (sg-1, sg-2 in Fig. 6D , and sg in Fig. 7C ).
The secretory cell membrane forms invaginations (i) filled with extensions of lining cell cytoplasm (Fig.  7A-D) , and these invaginations can be significantly deep, reaching the accumulation site. The invaginations are narrow (0.05-0.15 µm) but widen at some sites (Fig.  7C, D) , particularly at the end/tip of the invagination (Fig. 7D) . Additionally, the invaginations occasionally branch (Fig. 7B) . The pattern of invagination distribution was observed in two consecutive serial sections Fig. 6 . Structure of Dyopedos bispinis proximal pereopodal glands (D1). A -2D schematic reconstruction of D1 gland fragment from serial longitudinal semi-thin sections; B -fragment of D1 gland, longitudinal semi-thin section, LM micrograph; C -D1 gland, semithin cross section; D -fragment of secretory cell cytoplasm (TEM photo) showing secretory granules; E -D1 gland, schematic drawing of ultra-thin cross section; F, G, H, I and J -enlarged details indicated in E (TEM photo) showing axon terminal adjacent to secretory cell (F); boundaries between secretory, duct and lining cells (G); fragment of accumulation site (H); fine structure of main and lateral ducts (I); and differences in ultrastructure of secretory, lining and duct cells (J). Abbreviations: black arrowheads -microtubules in duct and nerve cells; white arrowheads -vesicles in nervous cell; as -accumulation site; c -surface cuticle of pereopod; cz -central area of secretory cell with abundant secretory granules; d -ductules in secretory cell; dw -duct wall, including duct cell and lining; er -endoplasmic reticulum; h -haemocoel; hyp -hypoderm; LD -lateral duct; m -pereopod muscles; MD -main duct; mt -mitochondria; nu -nucleus of secretory cell; pz -peripheral area of secretory cell cytoplasm with rare secretory granules; s -secretion in duct lumen; SC -secretory cell; sg -secretory granules in secretory cells; sg-1, sg-2 -secretory granules, differing in electrone dense; ? -fragments of glandular tissue damaged during fixation. Arabic numerals -details of duct wall; 1 -boundary between secretory and duct cells; 2 -epicuticle lining the main and lateral ducts; 3 -grainy electron-dense layer of duct cell; 4 -electron-lucent layer of duct cell; 5 and 6 -boundary between duct and secretory cells, comprising one (5) or two (6) membranes, respectively; 7 -boundary between secretory and lining cells; 8 -boundary between lining and duct cells damaged during fixation. (with a 3-5 µm interval) perpendicular to the lateral duct planes (Fig. 7A-B) . Therefore, we propose that these invaginations have a flattened form and are located in the plane of the lateral duct.
D1 lining structure
The lining cells (LC), located between the secretory cells and the haemocoel (h) (Fig. 6C , E, J, and Fig. 7) , are strongly flattened (approximately 0.2-0.4 µm in thickness) but expand to surround the gland ducts (Fig.  6C, E) or to hold the nucleus or mitochondria. These cells form extensions into (see above) and between the secretory cells.
In some sections, the lining appears as a continuous cytoplasmic layer (Fig. 7F) , while in other sections, the lining comprises multiple overlapping cytoplasmic extensions (arrowheads, Fig. 7E ). The lining cytoplasm contains microtubule bundles, membrane vesicles or elongate structures (Fig. 7C, E-F) . Near the accumulation site between the secretory and duct cells, we detected a structure (Fig. 6F) containing numerous microtubules (black arrowheads) and electron-dense round structures 0.006-0.1 µm in diameter (white arrowheads) that is likely axon terminal. Fig. 8) 
Distal glands (D2) (
D2 gland location
The D2 secretory cells in adult females are located in the 2-5 appendage segments (basis-carpus) (Fig. 5A , and Fig. 8A ) in three distinct cell groups along the bundle of D1 and D2 ducts. The largest group contains 10-11 cells and begins in the basis (segment 2) and ends at the merus (segment 4). Two other groups, comprising 1-3 cells, are situated in the carpus (segment 5) ( Fig. 5A and Fig. 8A ).
D2 glands structure
Inside each D2 secretory cell, there is an accumulation site (as) with a duct (D, resembling a D1 gland lateral duct) leading away (Fig. 8A ). This duct is lost in the duct bundle (DB), and it is unclear whether it falls into any other ducts or remains separate. The accumulation site, as in the D1 glands, comprises numerous radiating ductules (d, Fig. 8E ). The gland duct has a separate wall, likely containing a duct cell cytoplasm, but the wall ultrastructure has not been investigated.
The secretory cells (SC) are 25-35 µm in size, uninuclear, and filled with secretory granules (sg), and in the cell periphery, the granules are situated less densely than near the accumulation site. The space between the granules was observed to be heterogeneous, suggesting that this space is filled with poorly preserved endoplasmic reticulum (er, Fig. 8C-D) . Secretory granules are occasionally round, but when densely situated, the shape changes (Fig. 8D) . These cells lightly stain with toluidine blue and contain loose electron-lucent material. Within one cell, the secretory granules vary in their electron density and the regularity in which the material is arranged (sg1-3, Fig. 8D ). We did not observe any regularity in the different granules distributed throughout the cell. Cell membrane invaginations were not observed in D2 secretory cells.
Discussion
Social behaviour and mast-building in Dyopedos bispinis
Social structure on masts
Dyopedos bispinis masts are typically inhabited by no more than one adult female and no more than one adult male, indicating that the territorial behaviour of Dyopedos bispinis is similar to that of other Dyopedos species (Mattson and Cedhagen, 1989; Thiel, 1997) . Each large mast of Dyopedos monacantha or Dyopedos porrectus is a territory belonging to a single adult female. Only one male can enter, and female descendants can remain for some time on the maternal mast.
Adult male Dyopedos bispinis are occasionally observed on individual masts, but it is unknown whether these males, such as those of Dyopedos porrectus (Mattson and Cedhagen, 1989) , can construct their own masts or whether, similar to male Dyopedos monacantha, they use abandoned masts, which are numerous in sea bottom landscapes.
Extended maternal care has been reported in some dulichiid species (McCloskey, 1970; Mattson and Cedhagen, 1989; Thiel 1997) . Apparently, Dyopedos bispinis is no exception as numerous juveniles have been observed together with adult females on large masts.
Collective masts
In addition to the masts of Dyopedos bispinis being typical of species from the genus Dyopedos, in that they are usually inhabited by a single female, masts with two and more adult, and sometimes even ovigerous, females were observed. Mattson and Cedhagen (1989) reported Dyopedos monacantha masts with one large male and two smaller females (although not two large females), and McCloskey (1970) also observed masts with three nonbreeding adult Dulichia rhabdoplastis. However, among other building corophiids, the coexistence of several adult females in one dwelling is unknown (Thiel, 2007; Moore and Eastman, 2015) . However, some leucothoid amphipods (Thiel, 2000) and other symbiotic malacostraca (Duffy 2002 (Duffy , 2007 have been described inhabiting the inner canals of sponges. The corophiid tube has only one or two openings for outside feeding and only a single place for intratubular filtration (Dixon and Moore, 1997 ). In contrast, if the mast is long enough, then multiple individuals could probably feed without hindering each other because Dyopedos spp. utilize the water current perpendicular to the mast axis for feeding (Mattson and Cedhagen, 1989) . However, it is not clear why collective Dyopedos masts are not widespread. Some possible explanations include mechanical factors (current, waves, substrate quality) or fish-predation pressure, as reported for Dyopedos monacantha, (Mattson and Cedhagen, 1989 ) which could, in theory, increase with mast elongation.
It is also unknown whether the adult amphipods inhabiting one mast are relatives (is it a parent-offspring or conspecific association? See Thiel, 2011) and whether these crustaceans defend the mast from interspecific competitors. Most likely, these congested masts reflect the development of extended parental care, which has been described in Dyopedos spp. (Mattson and Cedhagen, 1989; Thiel, 1997) . However, increasing levels of interspecific aggression typically force juveniles to leave the maternal mast (Mattson and Cedhagen, 1989) , and the number of juveniles on the mast rapidly declines with growth (Thiel, 1997) . It is possible that a certain aggression suppression mechanism could be involved that would allow the brood to remain on the mast. It is also unknown whether the mother of the brood remains on the mast and, consequently, whether adult amphipods from different generations can coexist on the mast. Parent-offspring groups, iteroparity and the coexistence of several offspring cohorts were observed in many percarids (Thiel, 2007) , but overlapping generations (offspring that begin to reproduce in the presence of reproductive parents) and coexisting reproducing adult offspring in the maternal dwelling has not been reported (Thiel, 2007; Thiel, 2011) . Although much remains to be discovered, Dyopedos bispinis exhibits the movement from a typical corophiid small parent-offspring group to more complex groups with different social structures.
Cooperative mast building
"Collective" masts are typically much longer than individual masts, likely reflecting cooperative mast maintenance. Indeed, all adults have pereopod glands, so it is difficult to identify a single builder. However, "individual" masts might also be considered a product of cooperative building; for example, Dyopedos monacantha males share the maintenance of female masts, using pereopods 3-4 (Mattson and Cedhagen, 1989) . Dyopedos bispinis males have developed pereopod glands, and it is quite likely that they also use these structures. Moreover, these glands are developed in the youngest Dyopedos bispinis juveniles. Silk threads of different diameters are found on the mast surface, which could also be viewed as a result of cooperative building (for more detail, see Discussion section 4.1. on "nonpereopodal secretions"). Juveniles of Dyopedos monacantha leave the maternal mast to build their own masts at different ages (Thiel, 1997) , suggesting that there is a time period in which young amphipods are capable of building but inhabit the maternal mast. Thus, although we do not have direct evidence that juveniles participate in maternal mast maintenance, we suggest that, in some cases, juveniles begin to strengthen (build up) and elongate the maternal mast instead of leaving it, leading to the appearance of collective masts.
Ecological aspects of mast-building in Dyopedos bispinis
Habitats of Dyopedos bispinis
Dyopedos bispinis is abundant in conditions with strong currents; their masts are rarely observed on mud but are often on hydroids. Thus, Dyopedos bispinis habitats are more similar to those of Dyopedos porrectus than Dyopedos monacanthus (Moore and Earll, 1985; Mattson and Cedhagen, 1989) . Although Dyopedos porrectus was also detected in Velikaya Salma Strait, it was absent in the biotopes studied in this paper; thus, further investigations are required.
Mast-building and foreign organisms
The masts of different dulichiids were observed on hydroids (Dyopedos porrectus, Moore and Earll, 1985) , sea urchin spines (Dulichia rhabdoplastis, McCloskey, 1970) , shells, polychaete tubes (Dyopedos monacantha, Mattson and Cedhagen, 1989) , and amphipod tubes (Dulichia falcata (Bate, 1857), Kanneworff and Nicolaisen, 1972) . Dyopedos porrectus has also been associated with bryozoans (Lincoln, 1979, cit. ex. Moore and Earll, 1985) . Dyopedos bispinis, although not observed on sea urchins, uses a wide range of organisms as substrata including hydroids, bryozoans, sponges, molluscs, brachiopods and Crassicorophium tubes. Importantly, mast building on hydroids can be easily underestimated because the hydroid can be fully disguised as a part of the mast. Hydroids and bryozoans often occur immured, and it is likely that the building activity of Dyopedos bispinis negatively affects substratum organisms. Because Dyopedos bispinis is a dominant species in the Velikaya Salma Strait (Zhadan et al., 2007) , the influence of masts on the benthic ecosystem might be significant. McCloskey (1970) reported that numerous diatoms cover the surfaces of the masts of Dulichia rhaboplastis, but diatoms are usually only sparsely present on masts of other Dulichiidae (Moore and Earll, 1985; Mattson and Cedhagen, 1989) . Additionally, Dyopedos bispinis masts do not have abundant diatom epiflora. Nevertheless, diatoms are abundant in the detritus used to form masts (Fig. 3D-G) , and some of pelagic forms likely remain alive for some time because they have mucous pads (arrowheads, Fig. 3E ). It is not known whether this is a frequent occurrence or how long these forms survive, but these "former pelagic" algae likely require further attention in the descriptions of community structure.
Mast structure
Mast form
Mast building by Dyopedos bispinis on hydroids occasionally leads to the appearance of branching masts (Fig. 2D) , and this phenomenon is unknown in other dulichiids. Dyopedos bispinis are apparently territorial, and it remains unknown how these organisms share areas of conflict on the branching masts. Masts with several supports ( Fig. 2A-B) have also not been previously described, and whether each individual builds additional masts or utilizes abandoned masts remains unknown.
Internal structure and growth of the masts
The mast of Dyopedos bispinis comprises a homogeneous central cylinder and a laminated cortex (Fig. 1A-D and Fig. 3A-B) , and the mast surface is covered with a silk sheath (Fig. 1F and Fig. 4) , confirming the observation of Mattson and Cedhagen (1989) , who reported that mast construction begins with the formation of the detrital central region and continues through the production of silk layers. However, in addition to silk, the laminated cortex includes a large amount of detritus (Fig. 1C-D and Fig. 3A-B) , and it is likely that detritus layers alternate with silk layers (Fig. 1F) . Moreover, the thickness of the cortex is occasionally comparable to the radius of the central cylinder (Fig. 1C-D) .
Thus, we propose that there are different methods for developing the mast for different purposes: (A) mast reinforcement with only silk threads (described by Mattson and Cedhagen (1989) ) and (B) mast thickening with detritus and silk. It remains unknown whether thickening is realized by active amphipod activities or by passive detritus settlement and gluing.
Detritus for mast building and maintenance can likely be collected from both the water column and from the bottom because both planktonic and benthic diatoms are present in the mast (bda, pda, Tn in Fig.   3E -G). Both methods were described for Dyopedos monacantha (Mattson and Cedhagen, 1989) .
Mast thickening is likely necessary as mast size increases with amphipod growth. The design of the mast facilitates growth without structural disturbance. In contrast, tube-building amphipods, according to the observed data, occasionally (a) leave old dwellings and build new, more spacious tubes, (b) stretch existing tubes, and (c) break old tubes into pieces and build new tubes utilizing these pieces during body growth (Goodhart, 1939; Barnard et al., 1988) . Thus, gradual build up is at least occasionally not an option for tube-building amphipods, unlike mast builders.
Mast surface
The surface of a Dyopedos bispinis mast is covered with silk threads that are oriented in various directions and in many layers (Fig. 3E , and Fig. 4A-D) . For Dyopedos monacantha, it was observed that under conditions with strong currents, the silk threads are placed at different angles to increase mechanical strength. We collected Dyopedos bispinis masts from straits with strong tidal currents, and there was no prevailing silk direction in these conditions.
When covering the mast with silk, each Dyopedos monacantha pereopod 3-4 tip moves back and forth "along an ample half of the circumference of the mast" (Mattson and Cedhagen, 1989) , and this spinning procedure gradually proceeds along the mast (Mattson and Cedhagen, 1989) . In Dyopedos bispinis, regular parallel thread deposition was sometimes observed, and remarkably, a nearly rectangular, meshy structure was occasionally observed (Fig. 4B-C) . A similar structure was identified by Moore and Earll (1985) in SEM photos of Dyopedos porrectus masts, and according to these authors, "the resultant meshwork is reminiscent of geodetic construction of aircraft fuselages and would confer relative strength together with flexibility". Similar silk structures were also observed in tube-building species, such as Crassicorophium bonellii and Peramphithoe femorata (Cerda et al., 2010; Kronenberger et al., 2012a) .
Silk and mucus production in tube-and mast-building species
Nonpereopodal secretions
The amphipod silk produced by pereopods 3-4 is a very important component of tubes and masts. However, in some cases, additional secretions produced by other appendages are exploited for mast or tube building (Matt-son and Cedhagen, 1989; Goodhart, 1939) , and these secretions are likely presented as glues. Their importance may be underestimated, especially as mouthparts and gnathopods are very often involved in material collection (Skutch, 1926; Meadows and Reid, 1966; Dixon and Moore, 1997) . However, at least in Crassicorophium bonellii and Lembos websteri, the pereopodal silk also includes a mucopolysaccharide adhesive component (Kronenberger et al, 2012a,b) . It remains unclear how widespread is the use of additional secretions among tube-and mast-building corophiids.
The tip of one of the examined masts was covered with threads ( Fig. 4A ) that were thinner than those in the remaining mast surface (Fig. 4B-C) . They could be considered mucus threads, but according Mattson and Cedhagen, 1989 , the mucus threads of Dyopedos monacantha are more than 10 times thicker than silk threads, and the mouthpart origin of the thin threads is doubtful. Because pereopods 3 and 4 are practically identical and likely to produce threads with similar diameters, we can offer two hypothesizes: threads of different diameters reflect (A) changes in thread diameter (for example, depending on the tension) or (B) shared building activity between several amphipods of different size. We did not detect threads with changing diameters, which supports the second hypothesis.
The mast SEM photos (Fig. 3E -G, and Fig. 4A -D) showed various detritus and silk threads, but we did not observe anything that could be accurately interpreted as cement or glue (amorphous mucus). We proposed that the mucus quantity is not great or that it is washed out during experimental fixation and treatment procedures. However, the fixed masts maintained such characteristics as form and flexibility. Therefore, one possibility is that mucus is important during the first stages of mast building, but silk threads subsequently provide the strength.
Pereopod glandular complex composition
Compositions of the pereopod 3-4 glandular complex are similar in Dyopedos bispinis and tube-building species. All studied corophiid species have two gland groups, proximal and distal, a common cuticular chamber and a single excretory opening (Nebeski, 1880; 2012b; Neretin, 2016, and Fig. 5A ). Dyopedos bispinis proximal glands (D1) are multicellular and have a strongly elongated form (i.e., "pseudotubular" glands, see discussion below in sections 5.4-5.6 and Fig. 9D-H) , as has been observed in most other corophiid species (Nebeski, 1880; Neretin, 2016) , likely with the exception of Crassicorophium bonellii and Lembos websteri (Kronenberger et al., 2012b) . It is not clear whether the distal glands (D2) or Dyopedos bispinis are multicellular like the proximal glands (D1) or whether each D2 secretory cell has an individual duct. Both variants have been identified in other amphipods: multicellular distal glands in Ampithoe spp. (Nebeski, 1880; Neretin, 2016) and glands including a single secretory cell in J. falcata (Nebeski, 1880) .
According to Kronenberger et al. (2012b) , the Crassicorophium bonellii and Lembos websteri glandular complexes comprise both rosette (as in Fig. 9C ) and lobed glands. According to our findings, Dyopedos bispinis and Ampithoe rubricata glands are not typical rosette or lobed but have some common features with both these gland types (facultative binuclearity, presence of deep cell membrane invaginations and cellular composition, see discussion section 5 and Fig. 9 ). Considering that another species of Crassicorophium (Crassicorophium crassicorne) has elongated glands typical of other amphipods (Nebeski, 1880), these differences most likely reflect differences in terminology. On the other hand, the schematics by Kronenberger et al., (2012b) show typical rosette glands. Thus, it remains in question whether the structure of the pereopodal glands of Crassicorophium bonellii and Lembos websteri is unique among other corophiids.
Volume of pereopodal glandular complex
Although the Dyopedos bispinis masts are large structures compared with the length of the amphipod body, we have not observed Dyopedos bispinis glands to be strongly enlarged compared with tube-building species. The number of secretory cells (approximately 70 in each Dyopedos bispinis pereopod, Fig. 5B, 8A ) is lower than in other species (about 130 in Crassicorophium bonellii, based on figures in Kronenberger et al., 2012b , and more than 400 in Ampithoe rubricata, N. Neretin, unpublished data), and the cell size is also minimal in Dyopedos bispinis. These facts might reflect small body size of the White Sea Dyopedos bispinis compared with other studied amphipods.
Secretion ultrastructure
The secretory granule ultrastructure is similar in the studied species (Dyopedos bispinis, Ampithoe rubricata, and Crassicorophium bonellii, Kronenberger et al., 2012b; Neretin, 2016) ; granules of proximal gland groups are electron dense and have a normal, round shape (Fig. 6D, H , and Fig. 7C-D) , unlike distal group granules ( Fig. 8B-E) . Fig. 9 . Comparative schematic drawings of Dyopedos bispinis proximal glands (D1) and other crustacean tegumental glands. A, B and C -several types of crustacean tegumental glands modified from Demers, 1993 and Rieder, 1977: A -bicellular glands, B -tricellular glands, C -rosette glands; D, E and F -pseudotubular silk glands of Amphipoda: D -A. rubricata (after Neretin, 2016) , E -J. falcata (modified from Nebeski, 1880), F -Dyopedos bispinis; G and H -tube-building glands of the tanaid H. oerstedii (Kroyer 1842) (after Blanc, 1884) , also likely pseudotubular; I -cirripedian cement glands (modified from Lacombe and Liguori, 1969) . Abbreviations: as -accumulation site; c -cuticle; CC -central cell; DC -duct cell; hyp -hypoderm; IC -intermediary cell; LD -lateral duct; MD -main duct; nu, nu1 and nu2 -nucleuses of secretory cells; SC -secretory cell; ySC -young secretory cells.
The distal glands of Dyopedos bispinis may produce several different substances because D2 secretory cells contain different types of granules (Fig. 8D ). Two morphologically different types of granules are presented in Ampithoe rubricata distal glands (Neretin, 2016) , and only uniform granules are found in Crassicorophium bonellii distal glands (Kronenberger et al., 2012b) .
Secretion for tube and mast building summary
In general, we did not detect any crucial differences in the glandular complex structure and forms of secretions in tube-building species and the mast-builder Dyopedos bispinis. The variability in the dwellings most likely reflects behavioural adaptations.
Morphology of amphipod silk glands compared with other crustacean glands
Secretory cell nucleus quantity
Dyopedos bispinis D1 and D2 secretory cells are uninucleate (Fig. 6A) , as are the silk glands of the majority of other amphipod species (Jassa falcata, Jassa ocia (Bate, 1862), Crassicorophium crassicorne (Bruzelius, 1859), Ericthonius punctatus (Bate, 1857), and Ampithoe ramondi Audouin, 1826) (Nebeski, 1880) ). However, in Ampithoe rubricata glands, binuclear secretory cells have also been observed together with uninucleate cells (Neretin, 2016) . The basis glands in the pereopods of Crassicorophium bonellii are also binuclear according to the drawing by Kronenberger et al. (2012b) .
Binuclearity is typically regarded as a prominent feature of lobed glands (Talbot and Demers, 1993) and is occasionally used as a diagnostic character (Kakui and Hiruta, 2014) . However, the secretory cells in lobed glands contain one or two nucleuses, apparently independent of cell size (Gorvett, 1951) . Furthermore, it was recently shown that binuclear cells, together with uninuclear cells, occur in isopod rosette glands (Vittori et al., 2012) . Thus, variations in nuclear number are present in different types of crustacean tegumental glands but are currently only described within Percarida (Isopoda, Tanaidacea, Amphipoda) and not in Decapoda. It is likely that similar variations also occur in Mystacocarida (Elofsson and Hessler, 2005) .
Gland lining
In Dyopedos bispinis, the proximal silk glands (D1) are covered with a lining layer (Fig. 6C, E and Fig. 7) . We cannot unambiguously determine whether the lining is a part of the duct cell or an independent structure. Thus, we can only hypothesize as to its origin.
The presence of nuclei favours the independence of the lining cell from other gland cells (duct and secretory). The cellular layer covering the glands, which is classified as connective tissue, has been described in many crustaceans: decapod (Yong, 1932; Pugh, 1962) and isopod (Ide, 1891; Gorvett, 1946) rosette glands, cirripedian cement glands (Lacombe and Liguory, 1969) , amphipod Ampithoe rubricata silk glands (Neretin, 2016 ) and isopod lobed glands (Ide, 1891; Gorvett, 1951) , but the fallacy of this interpretation for lobed glands was observed in a study by Weirich and Ziegler (1997) .
The lining could also represent a system of branching extensions of the duct (or intermediate) cell, and such systems have been described for intermediate cells in lobed (tricellular, Weirich and Ziegler, 1997) and rosette (Vittori et al., 2012) glands of isopods. In Dyopedos bispinis, this hypothesis is supported by the fact that, in some places, the lining comprises numerous cytoplasmic extensions (arrowheads, Fig. 7E ) that deeply penetrate secretory cell invaginations (i, Fig.  7A-D) , as in lobed glands. However, branches of intermediate cells in the isopod glands serve to collect secretions on the basal surface of secretory cells (Weirich and Ziegler, 1997) . In contrast, the D1 gland cell secretion is excreted through the apical cell membrane, as evidenced by the presence of a definitely visible accumulation site (as, Fig. 6 ).
The lining might be considered an enlarged sheath cell, thus sharing a common origin with the duct cell. Sheath cells are typically observed in arthropod sensilla and at some stages of insect dermal gland development (Quennedey, 1998; Merritt, 2006) .
The lining might also be a complex structure; for example, nervous terminations are likely located in this region as previously assumed for isopod lobed glands (Wägele, 1992) . To understand the nature of the lining, more detailed electron microscopy investigations are required.
Gland innervation
The observation of an axon-like structure (Fig. 6F) in contact with the secretory cell likely indicates the presence of nervous control of amphipod silk glands. Gland innervation has been demonstrated in the branchial rosette glands of the decapod Palaemonetes pugio Holthuis, 1949 (Doughtie and Rao, 1982) , in the labrum glands of the cladoceran Daphnia obtusa Kurz, 1874 emend Scourfield, 1942 (Zeni and Zaffagnini, 1988 , in cirripedian cypris larva glands (Okano et al., 1996) , and in mystacocarid tegumental glands (Elofsson and Hessler, 2005) . However, crustacean tegumental glands are not typically innervated (Talbot and Demers, 1993) . For amphipod silk glands, innervation was shown for the first time in the present study.
Cellular composition of Dyopedos bispinis proximal amphipod silk glands
Each proximal gland (D1) contains some (up to 17) secretory cells and one duct cell with an intracellular duct. Insect glands contain duct cells with an intercellular duct, which are referred to as class 3 glands (Noirot and Quennedey, 1974) or dermal glands, in contrast with unicellular and tubular glands (Merritt, 2006) . In contrast to typical insect class 3 glands (Noirot and Quennedey, 1974; Quennedy, 1998) , the secretory cells of the D1 glands do not have microvilli in the ductule lumen. D1 duct cells also do not have a mesaxon, which is the cross connection between the inner and outer duct cell membranes and has been described in many insect and crustacean dermal glands (Lai-Fook, 1970; Martens, 1979; Lawrence and Staddon, 1975; Doughtie and Rao, 1982; Elofsson and Hessler, 1998; Lombardo et al., 2006; Vittori et al., 2012) .
Dermal glands are common in Arthropoda and contain one to two consecutive duct cells and one or several secretory cells (Quennedy, 1998; Coons and Alberti, 1999; Hilken et al., 2005; Pekár and Šobotník, 2007, Müller et al., 2014) . The dermal glands of the Crustacea contain one to two secretory cells, which are referred to as bicellular (Fig. 9A) or tricellular (Fig. 9B ) depending on the quantity of duct cells Demers, 1993, Elofsson and Hessler, 1998; Zeni and Stagni, 2000) . In Malacostraca, rosette dermal glands (Fig.  9C) are also widely distributed, and each are composed of two duct cells (in the narrow sense, duct and intermediate) and multiple (up to 40-50) secretory cells (Talbot and Demers, 1993) .
The proximal silk glands (D1) of Dyopedos bispinis (Fig. 6 and Fig. 9F ) contain some secretory cells and appear similar to rosette glands, but D1 glands, at least at first glance, have two significant differences. First, we have observed only one (not two) duct cell in each gland. Glands comprising single duct cells and several secretory cells have been described in Crustacea (Claus, 1879; Ide, 1891; Gorvett, 1946; Pugh, 1962) , but there are no electron microscopy studies confirming this "bicellular" scheme. Thus, we propose that the boundary between the duct and intermedium cell might be difficult to detect on semi-thin sections and might not be captured on ultrathin sections due to the significant length of the duct (up to 2 mm).
Second, D1 glands markedly differ in shape from typical rosette glands. Rosette glands are typically globular; ductules from secretory cells coalesce at approximately one point (Johnson and Talbot, 1987; Alexander, 1989; Talbot and Demers, 1993, Fig. 9C ). In contrast, D1 glands are strongly elongated, and ducts from secretory cells fall individually and sequentially into the main duct. However, occasionally, rosette glands might also be slightly elongated (Ide, 1891; Pugh, 1962) or even have practically tubular forms (recently described terrestrial hermit crab Coenobita spp. antennal glands, Tuchina et al., 2014) . Dyopedos bispinis D1 glands even have more elongated, almost cord-like forms (Fig. 5B, 9F ), and such gland morphology has not been incorporated into the Talbot and Demers (1993) classification of crustacean tegument glands. If typical rosette glands are similar to the typical acinar glands of metazoans (Ide, 1891) , then Dyopedos bispinis D1 glands resemble rather tubular glands. We propose that such glands can be called pseudotubular.
Comparison with other arthropod silk glands
Glands similar in shape to D1 have been described within silk-producing systems in other corophiid amphipod species (Fig. 9D-E) (Nebeski, 1880; Neretin, 2016) and in the tanaid Heterotanais oerstedii (Krøyer, 1842) ( Fig. 9G-H) (Blanc, 1884) , all of which might be defined as pseudotubular. Building glands in other crustaceans suggest another structure; the amphipods Crassicorophium bonellii and Lembos websteri and the tanaid Phoxokalliapseudes tomiokaensis (Shiino, 1966) have lobed and typical rosette glands (Kronenberger et al., 2012b, Kakui and Hiruta, 2014) , while callianassid shrimps (Decapoda) have only typical rosette glands (Dworschak, 1998) . Cirripedian cement glands are multicellular but do not possess special duct cells (Lacombe and Liguori, 1969) and might be considered tubular gland variations (class 1 glands, according to the Noirot and Quennedey classification, 1974) .
Silkworms and spiders, the most famous silk-producers, have classical tubular glands (Sehnal and Akai, 1990 ), but there is some evidence of homology between spider ampullate silk glands and sensilla (Hilbrant and Damen, 2015) . In insects, dermal glands are homologous to sensilla (Quennedey, 1998; Merritt, 2006) , and it can be assumed that spider silk glands passed through the dermal gland stage during evolutionary development. Futhermore, there is an assumption, that insect labial silk glands originate from der-mal glands, but it is questionable (Kenchington, 1969; Sutherland et al., 2010) .
Dermal (class 3) silk glands are common among insects (Sutherland et al., 2010) ; these glands are bicellular or tricellular (according to "crustacean" terminology) and typically numerous. However, multicellular dermal silk glands are unknown in insects (although secretory cells can be multinucleated, Nagashima et al., 1991) . Thus, the pseudotubular silk glands of amphipods and, likely, tanaids are probably unique among arthropod silk glands as these structures are tubular in shape, although indeed dermal.
Pseudotubular gland origin
We propose that the pseudotubular glands of Dyopedos bispinis could originate from increasing secretion in conjunction with space limitations in narrow appendages. Multicellular gland enlargement could occur at the expense of elongation and growth towards the proximal part of the appendage. In the hermit crab, Coenobita spp., elongated antennal glands also probably appeared as a result of a great increase in secretion production volume (Tuchina et al., 2014) .
Coenobita spp. antennal glands likely appear as modified rosette glands (Tuchina et al., 2014) . Dyopedos bispinis D1 glands could also have evolved from typical rosette glands, particularly as these glands have been observed in amphipods (Schmitz, 1967 (Schmitz, , 1992 .
Conclusions
Dyopedos bispinis occasionally shows a more complex social structure than other corophiids: masts are occasionally not individual but collective dwellings. The prerequisites for the appearance of this trait might be (1) the possibility of several individuals successfully coexisting and (2) the possibility of continuous reinforcement of the dwelling.
Mast-building dulichiids are involved in multiple interactions with fouling organisms, so in Dyopedos bispinis, most masts are attached to other animals, which can be partly or fully immured.
Masts occasionally have a complex structure. One mast can have several central cylinders covered by a common cortex, and several supports or, in contrast, can branch (following hydroid immuration).
We did not detect any crucial differences in the glandular complex structure of tube-building species and the mast-builder Dyopedos bispinis. The variability in the dwellings most likely reflects behavioural adaptations; large masts are potentially supported by continuous growth and collective building.
Amphipod silk glands of Dyopedos bispinis and many other amphipods have an unusual structure in comparison with other crustacean glands, so we refer to them as "pseudotubular" glands. They are multicellular, strongly elongated type-3 glands (according to Noirot and Quennedey, 1974 ) that comprise optionally binuclear secretory cells, a duct cell and a lining of uncertain origin.
